The spatio-temporal distribution pattern of malaria in Yunnan Province, China was studied using a geographic information system technique. Both descriptive and temporal scan statistics revealed seasonal fluctuation in malaria incidences in Yunnan Province with only one peak during 1995-2000, and two apparent peaks from 2001 to 2005. Spatial autocorrelation analysis indicated that malaria incidence was not randomly distributed in the province. Further analysis using spatial scan statistics discovered that the high risk areas were mainly clustered at the bordering areas with Myanmar and Laos, and in Yuanjiang River Basin. There were obvious associations between Plasmodium vivax and Plasmodoium falciparum malaria incidences and climatic factors with a clear 1-month lagged effect, especially in cluster areas. All these could provide information on where and when malaria prevention and control measures would be applied. These findings imply that countermeasures should target high risk areas at suitable times, when climatic factors facilitate the transmission of malaria.
INTRODUCTION
Malaria is one of the main arthropod-borne infectious diseases that are seriously harmful to human health in mainland China. The report of the National Surveillance Project indicated that there were over 740 thousand malaria cases diagnosed in 907 counties of 18 provinces in 2003. 1 Yunnan Province is one of the most severe epidemic regions, and ranked first for the number of reported cases and second for the incident rate of the disease from 1999 to 2004. 2 The persistence and re-emergence of malaria in Yunnan Province have been attributed to importing of infective sources from countries of southeastern Asia in bordering areas, increase in floating population, and wide distribution of multiple vectors with high density around the year. 3 However, the mechanisms of the persistence and spread of either Plasmodium vivax or Plasmodium falciparum malaria in the province are unclear. Both high risk areas and high risk periods of the disease have not been identified. The lack of this knowledge has prohibited us from understanding the transmission dynamics of malaria in this region, and improving intervention strategies and control measures.
The emergence and development of spatial epidemiology have recently provided us a useful approach to understanding spatial patterns of disease and identifying risk factors. 4 ,5 A geographic information system (GIS) and spatial statistics such as spatial autocorrelation, spatial scan, and variograms were previously applied to recognize malaria hotspot areas, 6 determine the spatial and temporal dynamics, 7 find risk factors, 8 and predict malaria transmission risk. 9 In addition, the environmental factors associated with disease vectors could be mapped and analyzed using GIS techniques, which were applied for surveillance of vectors and quantitative assess-ment of transmission risk of malaria. [10] [11] [12] In this study, the temporal and spatial analyses of both P. vivax and P. falciparum malaria were conducted using GIS techniques to understand the trend and dynamics of transmission, to identify risk periods and areas, and to determine environmental factors associated with increased risk of malaria.
MATERIALS AND METHODS
Study area. Yunnan Province is situated at 21°08′-29°16′ north latitude and 97°31′-106°12′ east longitude of southwestern China, and borders Myanmar in the west and Laos and Vietnam in the south ( Figure 1 ). The province has an area of 394,000 km 2 and population of 45 million. The seasonal average temperature ranges from 10 to 15°C. The diurnal difference temperature usually fluctuates from 12 to 20°C. The annual rainfall is approximately 1,100 mm, about 85% of which occurs between May and October. Six water systems with more than 600 rivers run through the province. 13 The diverse geographic landscapes and complex climate situations provide favorable breeding sites for Anopheles mosquitoes, the vector of malaria.
Data collection and management. Data on malaria were obtained from Yunnan Institute of Parasitic Diseases (YIPD), where a passive surveillance was conducted. The physicians working at hospitals and clinics are required to report suspected patients to YIPD. The malaria cases were defined based on the diagnostic criteria of the World Health Organization (WHO). 14 Demographic data at the county level were obtained from the Chinese Natural Resources Database. 15 The annual malaria incidence was calculated by using the annual population of each county. It was assumed that each resident in the county was at risk for infection of malaria. Monthly malaria incidences of the province were calculated to understand seasonal fluctuation of malaria incidence. Malaria cases and incidence of each county were coded according to geographic location (geo-coded) and matched to the corresponding polygon on a digital map of Yunnan Province using ArcGIS 9.2 (ESRI Inc., Redlands, CA).
Monthly climate data from 1995 to 2005 in Yunnan Province were obtained from China Meteorological Data Sharing Service System, 16 which contained information on rainfall, average temperature (AT), average maximum temperature (MaxT), average minimum temperature (MinT), and relative humidity (H). All of them were collected from 32 weather stations in the province.
Temporal distribution analysis. The malaria incidences in Yunnan Province were plotted by year and by month to observe the annual and seasonal fluctuation. In addition to the descriptive approach to the temporal data, an analytic approach was carried out to determine the temporal cluster quantitatively. Temporal scan statistics were performed to detect temporal clusters of malaria cases using SaTScan7.03 software. 17 The "temporal scan statistics" were applied to test the null hypothesis that the incidence of malaria was randomly distributed. To avoid preselection bias, varied time periods were scanned without knowledge on time cluster size. The SaTScan software set circular windows of various sizes, and moved each window over the time. Whenever the window encountered a new case, a likelihood function was calculated to test for elevated risk within the window in comparison with those outside the window. The likelihood function for any given window was proportional to n n N n
where N is the total number of cases, n is the observed number of cases within the window, and μ is the expected number of cases within the window. The indicator function I () is a binary validation element that allows the likelihood function to detect clusters of high values [ I ( n > μ)], low values [ I ( n < μ)], or both [ I () = 1]. 17, 18 In this study, the time aggregation length was set to 1 month and the maximum temporal cluster size was set to the default value ≤ 50% of the study period. For each window of varying size, the software tested the risk of malaria within and outside the window, with the null hypothesis of equal risk. Spatial autocorrelation analysis. Global Moran's I was calculated for P. vivax malaria and P. falciparum malaria incidence in each year in GeoDa0.9.5-i software. 19 First, a contiguity-based spatial weight was constructed for each county by creating a queen contiguity weights file. Queen contiguity uses all common points (boundaries and vertices) to define a neighbor, which means two counties are neighbors even if there is only one common point. In a contiguity-based spatial weight file the weights {w ij } could be defined as follows:
w ij = 1 0 region i and region j are contiguous otherwise (2) Spatial autocorrelation for malaria incidence was calculated based on the assumption of constant variance. This assumption was usually violated when incidences at county level varied greatly in different populations. The empirical Bayes transformation was performed to adjust for the violation of the assumption. 20, 21 In GeoDa0.9.5-i software, malaria cases, population, and the spatial weight file were entered into the empirical Bayes model to smooth the malaria incidence. In fact, Moran's I calculated by spatial empirical Bayes model is much more powerful than that directly by the rate. 21 And then Moran's I scatter plot was produced with a spatial lag of incidence on the vertical axis and a standardized incidence on the horizontal axis. Any observation beyond the two standard deviations was categorized as outliers. Finally, a significance test was performed through the permutation test, and a reference distribution was generated under an assumption that the incidence was randomly distributed. The number of permutation tests was set to 999 and the significance level was set as 0.001. In this study, Moran's I values of P. vivax and P. falciparum malaria were calculated using annual incidences for each county.
Spatial cluster analysis. Spatial cluster analysis was performed to detect spatial clusters or hotpots of malaria using SaTScan7.03 software. 17 The analysis process of spatial scan is similar to that of temporal scan. The SaTScan imposed circular windows of varying size on the spatial data. The likelihood of malaria within or outside the window was calculated; a relative risk (RR) was created and the statistical significance was assessed using a Monte Carlo simulation, which is carried out under the null hypothesis of random distribution. The window was moved over the study region and centered on the centroid of each county polygon. The area within the window varied in size from zero to some upper limit (a maximum radius of the circular window set in virtue of the proportion of the whole population), never including > 50% of the total population. Whenever the window encountered a new case, the likelihood function (Equation 1) was calculated to test for elevated risk within the window compared with those outside the window. In this study, the maximum window radius was set to be smaller than 20% of the total population. For each window of varying position and size, the software tested the risk of malaria within and outside the window, with the null hypothesis of equal risk.
Spearman correlation analysis. Spearman correlation analysis was conducted to examine the association between monthly malaria incidence and climate variables in the whole province as well as the spatial cluster areas using SPSS software (version 13.0, SPSS Inc., Chicago, IL).
RESULTS
Temporal variation in malaria incidence. The annual incidence of P. vivax malaria in Yunnan Province varied from Although the incidences of P. falciparum malaria were usually 3~5 times lower than those of P. vivax malaria in each corresponding year, the variation in annual incidence of the disease was essentially consistent with that of P. vivax malaria ( Figure 2 ). The lowest incidence of P. falciparum malaria was observed in 2000, and the highest in 2003. Although malaria cases occurred in every month of the year, the seasonal effect in the incidence of malaria in Yunnan Province was obvious, with summer and autumn as peak times. From 1995 to 2000, basically only one peak was observed, starting generally from June, reaching a peak in July and August, and ending in September ( Figure 3A ), when more than half of the malaria cases were reported. Since 2001, there had usually been two incident peaks, one of which occurred from June to July and the other from October to November ( Figure 3B ). There was also a remarkable difference in monthly peak between P. vivax and P. falciparum malaria during the years 2001-2005 ( Figure 4 ). The incident peak of P. falciparum malaria was much clearer, and the first peak occurred a month earlier than that of P. vivax malaria. The temporal clusters of P. vivax and P. falciparum malaria. To understand the temporal variation quantitatively, temporal scan statistics were performed, using 1 month as the aggregation length and the maximum temporal cluster size of ≤ 50% of the study period. The temporal clusters were identified and showed in Table 1 . The temporal clusters determined by using temporal scan statistics analysis were highly consistent with the identified peaks through the descriptive approach by plotting the monthly incidence of malaria. The quantitative analyses not only further testified that the incident peak of P. falciparum malaria usually occurred (in April) 1 month earlier than P. vivax malaria in Yunnan Province, but also differentiate the principal incident peak (the most likely temporal cluster) of the two ( Table 1 ) .
Spatial autocorrelation of P. vivax and P. falciparum malaria. Global spatial autocorrelation was carried out using GeoDa0.9.5-i software. 19 The spatial autocorrelation analysis for annualized incidence of malaria in Yunnan Province showed that the Moran's I values were statistically significant in most years except for P. vivax in 1999 and 2000 ( Table 2 ). The findings implied that malaria distribution was generally autocorrelated in space in the province. The Moran's I values for P. vivax malaria increased from 1995 to 1997, then decreased until 2000, and dramatically increased afterward. The Moran's I values for P. falciparum malaria were remarkably fluctuant and generally higher than those of P. vivax malaria, indicating that the P. falciparum malaria epidemic area was more focalized than P. vivax malaria.
The spatial clusters of P. vivax and P. falciparum malaria. Using the maximum spatial cluster size of ≤ 20% of the total population, P. vivax and P. falciparum malaria spatial clusters were identified ( Figure 5 ). Considering the difference in incident peaks of malaria in Yunnan Province, the data of 1995-2000 and 2001-2005 were analyzed, respectively.
Using the data of 1995-2000, the spatial scan statistics identified a most likely cluster encompassed 22 counties mainly in the southwest of Yunnan Province, which included 13.1% of the total population. The overall RR within the cluster was 9.63 ( P < 0.001), with an observed number of cases of 42,237 compared with 9,336 expected cases. The secondary clusters included 12 counties with 6.6% of the population ( Figure 5 ). When the data of 2001-2005 were used for the analysis, a most likely cluster of 9 counties covering 5.34% of the total population was discovered and the overall RR of the cluster was 13.36 ( P < 0.001). Interestingly, the 9 counties with the most likely cluster were out of the 12 counties identified as the secondary cluster in the previous analysis of the data from 1995 to 2000. The secondary clusters encompassed 24 counties, 21 of which were counties identified as the most likely cluster by the previous analysis of the data from 1995 to 2000.
The spatial scan statistics analysis of the data from 1995 to 2000 identified a most likely cluster in 6 counties bordering Myanmar, which had 4.06% of the total population. The over-all RR was 15.38 ( P < 0.001). The secondary cluster encompassing 6 counties was within the southeast and west of the province bordering Laos and Vietnam, with 6.69% of the total population . The overall RR within the clusters was 8.81 ( P < 0.001). When analyzed with the data from 2001 to 2005, two more counties bordering Myanmar were added to the most likely cluster except for the former 6 counties. The most likely cluster had 4.96% of the total population with the overall RR of 31.55( P < 0.001). Eleven counties were included in the secondary cluster, which was remarkably different from the results of the former analysis. Seven counties within the cluster were in the southwest of the province bordering Laos and Myanmar, and 4 counties were within the Yuanjiang River Basin mainly bordering Vietnam .
Correlation between monthly malaria incidence and climatic varibles. Spearman correlation analyses were performed relating monthly malaria incidence to monthly climatic variables ( Table 3 ). The monthly AT, monthly average MaxT and MinT, monthly amount of rainfall, and monthly average relative H were significantly positive-correlated with monthly malaria incidences over the study period ( Table 3 ). The correlation coefficients between monthly incidence and climatic variables for P. vivax malaria were greater than those for P. falciparum malaria ( Table 3 ). Among the climatic variables, the monthly average minimum temperature was most closely correlated to both P. vivax and P. falciparum malaria incidence. Considering the possible lagged effect of climatic variables on the occurrence of malaria, the correlations between malaria incidences and the previous climatic variables of the previous month were estimated. The correlation coefficients between monthly incidences and AT, MaxT, MinT in the previous month (AT 1 , MaxT 1 , MinT 1 ) were greater than those in the same month ( Table 3 ) for both P. vivax and P. falciparum malaria, indicating an obvious 1-month lagged effect. The correlation coefficient between monthly incidence and average rainfall in the previous month seemed unchanged when the data of the same month were used. The relative humidity in the previous month had little or no effect on malaria incidence ( Table 3 ) .
To understand the possible spatial differences in association between malaria incidence and climate factors, spearman correlation analyses were carried out in the cluster area and non-cluster area ( Table 4 ). For P. vivax malaria, the correlation coefficients between monthly incidence and AT, MaxT, MinT, and rainfall in the same or previous month were remarkably greater in cluster areas than those in either non-cluster areas or the whole province. For P. falciparum malaria, no obvious change was observed in correlation coefficients in cluster and non-cluster areas.
DISCUSSION
In this study, we found that the malaria incidence in Yunnan Province had not substantially changed during the 11-year period from 1995 to 2005 ( Figure 2 ) , although intensive intervention had been carried out there. The findings imply that malaria remains a serious health threat in the province. The variations in annual incidences of both P. vivax and P. falciparum malaria basically followed the same patterns indicating that certain factors rather than biologic characteristics of parasites determine the transmission of the disease. 3 Since 1995, social-economic activities in Yunnan Province have greatly changed. Many factors, like exploiture in the river valley region (a torrid zone with altitude below 800 m), constructions of national highways and expressways, and trade development Figure 5 . Spatial distribution of identified clusters of Plasmodium vivax and Plasmodium falciparum malaria cases with significantly higher incidence rates using the maximum cluster size ≤ 20% of the total population in Yunnan, 1995-2005. especially in the border areas had accelerated population movement, which might have facilitated malaria transmission.
Both descriptive and temporal scan statistics revealed seasonal fluctuations in malaria incidence ( Figure 3 , Table 1 ). There was only one peak from 1995 to 2000 and two apparent peaks since 2001 ( Figure 4 ). The peak times of malaria occurred in summer and autumn when farmers usually worked in the field and slept in the open. This situation made residual spraying ineffective and thus facilitated malaria transmission. These findings imply that countermeasures should be opportunely taken, and focused on increasing knowledge of malaria prevention and encouraging farmers to use mosquito nets. At the same time, the temporal fluctuation in malaria incidence was closely related to agricultural activities. For instance, farmers cultivate crops in summer and harvest in autumn, when mosquitoes propagate actively because of feasible climate conditions. These activities often increase the opportunities of mosquito biting, and consequently increase the risk of human infection. In addition, many other factors possibly contribute to the seasonal variations, such as climatic changes, ecological and environmental determinates. Further studies are required to study the role of these variables in malaria transmission in the region.
Spatial autocorrelation analysis revealed that malaria was not randomly distributed in Yunnan Province . Spatial scan further confirmed that malaria cases clustered in the province. The high risk areas were mainly in the borders with Myanmar and Laos, and in Yuanjiang River Basin. However, the primary and secondary clusters varied regarding different types of malaria and different periods of time. The analyses using the GIS technique and temporal and spatial statistics could study the temporal and spatial distribution of malaria and identify times and areas of increased risk in Yunnan Province, where both P. vivax and P. falciparum malaria are prevalent. These findings imply that suitable countermeasures should target high risk areas accordingly. Further studies are required to study the underlying causes of increased risk in the identified areas.
Many factors, such as vector species and abundance, human behavior, population immunity, social and economic status, and control measures, are known to have significant influence on the transmission of malaria. Climatic variables are considered as the environmental factors for increased risk of malaria because of their impacts on the Plasmodium incubation rate and mosquito vector activities. To understand the contribution of climatic factors to the transmission of malaria in Yunnan Province, spearman correlation analyses between malaria incidence and climatic variables were conducted. Among the climatic factors investigated in the study, temperature was the most influencing factor, especially with a onemonth lag effect. It is understandable that there was usually an approximate 1-month period in the course of the malaria infection cycle from wiggler becoming an infectious mosquito to mosquito biting humans and finally human developing malaria symptoms. It also implies that malaria prevalence is sensitive to temperature changes. Malaria prevention and control agencies, therefore, should pay great attention to temperature changes. In contrast, the correlation coefficient for the association between monthly malaria incidence and synchronomous relative humidity was greater than that for the association between monthly malaria incidence rate and relative humidity in the previous month. This suggests that relative humidity only influences the activities of mosquitoes. Rainfall showed complex association with malaria incidence. The rainfall often leads to small puddles serving as mosquito breeding sites and increases humidity, which enhances mosquito survival. However, the relationship between mosquito abundance and rainfall was nonlinear. Abundant rainfall and accumulation of surface water in complicated terrain probably wash out or destroy mosquito breeding sites, which may subsequently reduce mosquito density. A certain amount of rainfall may also prevent people from working outdoors resulting in fewer chances of mosquito bites and consequently decrease the malaria incidence. Findings of spearman correlation analyses in the cluster area and non-cluster area indicate that there Table 4 Spearman correlation results of malaria incidence and climate factors in cluster and non-cluster areas* * AT = monthly average temperature; MaxT = monthly average maximum temperature; MinT = monthly average minimum temperature; Rainfall = monthly average amount of precipitation; H = monthly average relative humidity. The subscript numbers: 0 = the current month climate factors; 1 = the previous 1 month climate factors.
Plasmodium vivax malaria incidence
Plasmodium falciparum malaria incidence are spatial differences of the influence of climate variables on malaria risk, especially for P. vivax malaria there are greater spatial differences. Malaria epidemic patterns in Yunnan have changed. The epidemics of P. vivax and P. falciparum malaria are different. Climate factors are highly influencing malaria transmission. More detailed and other environmental data should be used in future research. Spatial clusters of P. vivax and P. falciparum malaria changed with time, which were mainly located in bordering regions and the Yuanjiang River Basin. These findings should be considered in future malaria prevention and control projects and in the development of spatio-temporal models of malaria transmission in Yunnan as well.
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